Abstract-Over the decade, gasification experiment on different biomass materials has been carried out to investigate the biomass potential as one of the alternative sources of fuel. Although gasification has been proven to be successful in bringing out the potential of different biomass fuels, it commonly involves conversion of only one type of biomass materials for a single run. This paper discusses the co-gasification experiment of different composition of oil palm fronds (OPF) and wood using a downdraft gasifier. The conducted study focuses on the temperature profile within the reactor and also the characteristic of the dynamic temperature profile in each zone within the gasifier reactor. The temperature profile in the drying, pyrolysis, oxidation and reduction zone of the reactor was experimentally investigated. Effect of bridging on the temperature profile is also observed. The temperature profiles obtained are compared with literature result. In addition, syngas production was monitored by observing the flare produced during the operation. However, further experiment need to be done to investigate the composition of syngas produced during the co-gasification experiment.
INTRODUCTION
Over the last few decades, the world demand for energy has increased tremendously. Fossil fuels have fulfilled the role as the energy resource of the world but its nonrenewable existence with possible depletion in the near future has become a major global concern [1] [2] . Because of this, researchers and scientists have showed more interest on renewable energy as the potential alternative to replace fossil fuels. Studies on improved technologies, development of cheaper and cleaner alternatives energy system are being widely carried out. One of the developing renewable energy that is currently gaining attention is the biomass energy [3] [4] [5] [6] .
Malaysia is already well known as one of the top producer of oil palm plantation. With the mass production of oil palm from the plantation, Malaysia has plenty of biomass resources which come from the oil palm fronds (OPF) [7] [8] [9] [10] [11] [12] [13] . OPF is the waste byproduct from the oil palm plantation. OPF can be used as the feedstock for the gasification process. Gasification process itself has proven to be an efficient process to obtain syngas, which is a useful gas product of the process. In the last few decades, more interest and research on gasification has taken place. Most gasification processes involve the use of only one type of biomass fuel. However, dependency on one type of biomass for power generation poses some limitations since supply of feedstock for certain biomass can be inconsistent due to external factors such as weather and competition from byproduct industries. These limitations have triggered the need to improve the current gasification process to be more effective in dealing with more than one type of biomass at the same time.
The purpose of this study is to conduct a preliminary investigation on co-gasification of OPF and woods. Cogasification may be advantageous since it can help to overcome the limitation that the current gasification process has; i.e. dependency on one specific biomass feedstock. Woods are chosen for co-gasification with OPF since Malaysia also has plenty of woods resources from the byproduct of wood industries. In addition, as OPF is partly fibrous, co-gasification with wood which is less fibrous would be advantageous. Together with OPF, woody biomass can offer sustainable resources of biomass for power generation in Malaysia.
II. METHODOLOGY

A. Materials
Prior to the co-gasification process, the feedstock must be prepared to meet suitable conditions in ensuring successful reactions that can deliver the best form of syngas. For the cogasification process, three experiments with varying proportions between OPF and wood were conducted. The experiments involved the blends of OPF and wood at ratios of 80:20, 60:40 and 50:50. The OPF were obtained from a plantation in Bota (about 200 km to the North of Kuala Lumpur). The wood feedstock was obtained from nearby wood shops. Both feedstock were cut into 25-mm blocks and dried to an average moisture content of 16% on a dry basis. Shown in Fig. 1 are photographs of the wood and OPF feedstock used in the experiment. The results for proximate and ultimate analyses of the OPF and wood are shown in Table I . 
B. Experimental Setup and Procedure
For this experiment, the type of gasifier used is the downdraft gasifier. The detailed schematic diagram of the downdraft gasifier is shown in Fig. 2 . As shown in Fig. 2 , the experimental setup consists of a downdraft gasifier, air blower for air supply, gas cooling and cleaning system and also gas analyzer. The feedstock combustion will take place inside the gasifier while the air blower supplies air into the tank to ensure smooth combustion process. The gas cleaning and cooling system will filter and cool the gases before being channel to the gas analyzer to measure the gas composition. Before the experiment was started, the ash pot of the gasifier tank was opened to remove any leftover ashes to ensure efficient combustion process in the tank. Seven Type-K thermocouples were set up and connected to the computer interface to measure the temperature distribution inside the gasifier. The temperatures recorded by the thermocouples represent the thermo chemical conversion phases that took place inside the different gasification zone. T1, T2 and T3 represent the drying zones while T4, T5 and T6 represent the pyrolysis, oxidation and reduction zone respectively. T7 represents the exit gas temperature. The expected oxidation zone temperature (T5) is typically in the range of 800-1000°C, and that of the reduction zone (T6) is about 700°C [10, 14] . The pyrolysis zone (T4) and the drying zone (T1-T3) are typically at about 400°C and 100-200°C, respectively [10, 14, 15] . The weight of the feed for each experiment was 9 kg with varying OPF and wood mixture which was feed through the opening provided at the top.
OPF to wood ratios (by weight) of 80:20, 60:40 and 50:50 were used for the three different gasification experiments. In order to reduce the occurrence of bridging pieces in the fuel bed, scrap metals were placed on top of the bulk filling inside the gasifier to assist the smooth downward flow of the feed with gravity. Ignition of the feedstock was carried out through an opening provided near the gasifier gate. Once the fuel catches fire, the ignition hole was closed and air was supplied by the blower to the gasifier bed through the inlet pipe. Inlet air flow rate was measured using a rotameter with an accuracy of ±5 lpm. Variation of temperature with operation time at different locations of the gasifier bed were measured every 30 seconds and automatically stored in a computer using a data logger. The volume fractions of the components of the syngas produced were measured using a gas chromatograph with online sampling. The remaining syngas was flared at the flare points. The flare also acts as an indicator for the production of combustible syngas with sufficient amount of the desired fuel components during gasification. After all the feedstock was consumed, the gasification process was stopped by turning off the air blower. The amount of solid by products produced like tar and ash were measured at the end of each gasification experiment in order to account for the mass and carbon balance.
III. RESULTS AND DISCUSSIONS
For co-gasification of OPF and wood, different blending ratios were used. During the experiment, the production of syngas during the operation was monitored by igniting the gas at the three flare points. Flare was obtained at some points for average inlet air flow rate of 410 liters per minute (lpm). Bluish color flare was obtained at some points but the stability varied with the blending ratio of OPF and wood.
A. Dynamic Temperature Profile
The first experiment involved feedstock of 100% OPF. After running the operation for about 33 minutes, T3, which is the drying zone, recorded the highest temperature than T5, the oxidation zone. In this experiment, T3 recorded an average temperature of 601°C while T5, the oxidation zone had an average temperature of 315°C.
Fig. 2 Detailed schematic diagram of downdraft gasifier
As shown in Fig. 3, T5 was recorded at about 500°C during the start up and increased to about 650°C as the combustion process advanced. After reaching the highest peak, T5 displayed a decreasing pattern along the operation before settling down to a relatively stable temperature after 25 minutes of operation. The decreasing pattern could be caused by the endothermic reaction of the overall gasification process. T3, T4 and T6, which represented the drying, pyrolysis and reduction zone also showed similar pattern, while T1 and T2 remained relatively stable throughout the operation. The dynamic temperature profile for the 100% OPF was not in agreement with normal operation time of gasification shown in Fig. 4 . The result is comparable as the type of feedstock and gasifier is the same. For the normal operating condition experiment, which is done with no or minimum bridging and well selected feedstock, T5 recorded the highest average temperature instead of T3. In theory, T5 should have been recorded the highest temperature as it is placed in the combustion zone of the gasifier. This happened because the occurrence of bridging during the operation with 100% OPF.
The feedstock used in the experiment consists of high percentage of fiber, which contributed to the effect of bridging. Due to its light and massless property, the fiber prevents smooth flow of the feedstock down the grate during the combustion process. The bridging also observed to contribute to the decrease of the oxidation zone temperature during the operation. As shown in both graphs in Figs. 3 and 4 , there are major differences in temperatures recorded due to bridging but the pattern of the graphs shown is relatively similar. Fig. 5 is the variation of temperature with time for co-gasification of 80% OPF and 20% wood. Different to Fig. 4 , large fluctuations are displayed in graphs in Fig. 5 . The process duration was 45.7 minutes, which was longer than that for 100% OPF. T5, the oxidation zone, recorded a maximum temperature of 764.2°C. In the reduction zone, T6 recorded an average temperature of 297.7ºC. The irregularities were most likely caused by bridging as reported in previous studies [2, 11] . In this experiment, there is still high percentage of fiber used in the feedstock.
Shown in
To overcome the bridging problem, the gasifier needs to be stirred at certain time intervals to ensure smooth flow of feedstock down the grate. As shown in Fig. 5 , increase in temperatures was recorded in the first 5 minutes of operation and a sharp decrease in temperatures is observed. At this time, bridging occurred inside the gasifier and thus requiring stirring so that the feedstock can move downward smoothly inside the gasifier. The average temperatures of the pyrolysis zone (T4) and oxidation zone (T5) were at 362.9ºC and 420.9ºC, while the average drying zone temperatures near the top of the gasifier, T1, T2, and T3, were at 87.1ºC, 94.9ºC and 237.1ºC, respectively. The exit gas temperature (T7) was at 204.1ºC. In future work, it would be critical to look into the amount of fiber present in the feedstock in order to reduce problems associated to bridging, and therefore obtain acceptable temperature profile and minimum variation of dynamic temperature profile throughout operation. The result for the co-gasification of 50% OPF and 50% wood is shown in Fig. 6 . The operation duration was 30 minutes, throughout which a maximum oxidation zone temperature of 853.0ºC was recorded. The reduction zone, on the other hand recorded a maximum temperature of 553.9ºC.
As shown in Fig. 6 , T5, the oxidation zone temperature was observed to increase dramatically for about 10 minutes as the combustion process advanced. However, after reaching the highest peak value of temperature, the temperature began to slowly decrease in the middle of operation, due to the endothermic reaction of the overall gasification process. A jump in temperature was recorded in the 20 th minutes of the operation, indicating that the gasifier was shaken to ensure smooth flow of feedstock down the grate. T4 and T6, which represent the pyrolysis and reduction zone respectively, also show similar patterns while T1, T2 and T3 remain relatively stable. The average temperatures for T3, T4, T5 and T6 were 112.0ºC, 392.7ºC, 620.4ºC and 415.9ºC respectively. The average exit gas temperature was recorded to be 272.7ºC. The results shown in Fig. 6 are found to be in close agreement with the normal operating condition of gasification displayed in Fig. 4 . Small bridging problem was observed during the experiment but it did pose significant effect to the entire process. OPF and 50% wood Shown in Fig. 7 are the variation of temperatures with time for co-gasification of 20% OPF and 80% wood. After the start of combustion process, the oxidation zone temperature gradually increased until it reached the maximum temperature of 898.8ºC for a period of about 7 minutes. The operation duration was 27 minutes. Upon reaching the maximum value, a relatively stable operation was observed in the oxidation zone for 13 minutes. In addition, the reduction zone recorded a maximum temperature of 521.9ºC, which was lower than that shown in Fig. 4 . As shown in Fig. 7 , the oxidation zone temperature was found to increase close to 900ºC as the combustion process advanced. After reaching a relatively stable temperature state, the oxidation zone constantly decreased until the end of the operation. As explained earlier, this behavior was caused by endothermic reaction of the overall gasification process. The reduction zone, T6 also showed a similar pattern. The average temperatures of T1, T2, T3 and T4 throughout the operation period were 36.4ºC, 45.8ºC, 242.9ºC and 405.6ºC, respectively. As for the oxidation and reduction zone, the average temperatures recorded were 753.0ºC and 446.2ºC, respectively, which were lower than those shown in Fig. 4 , although still acceptable. The exit gas temperature (T7) was recorded to be at an average value of 328.9ºC. Like in the previous cogasification experiment, the results in Fig. 7 were also found to be in agreement with the normal operating condition of gasifier displayed in Fig. 4 .
B. Temperature Profile Along the Gasifier Bed
Shown in Fig. 8 is the average temperature profile along the gasifier bed for the four co-gasification experiment. The temperature value at bed gasifier is measured at 1100 mm, 895 mm, 690 mm, 480 mm, 280 mm and 100 mm which represent the position of T1, T2, T3, T4, T5, and T6 respectively. T7 is not included here as it represents the exit gas temperature, which is located at the lowest part of the gasifier bed. All four graphs showed similar characteristic in term of temperature distribution along the gasifier bed. The 100% OPF graph showed slight differences in distribution as the operation is disturbed by the presence of bridging and thus affect the temperature distribution along the bed. Therefore, the highest temperature was recorded at gasifier bed close to 700 mm, which is higher than the other three graphs. The top part of the gasifier bed above bed height of 800 mm showed temperature values lower than 200ºC, indicating that feedstock in this region was undergoing drying. The fuel near bed height of 500 mm began to thermally decompose and drying process was taking place. The variation of temperature profile at different gasifier bed height and operation time was created by the endothermic reaction of the gasification process and also by the occurrence of bridging problem during the operation.
C. Comparison Among Co-gasification Results
Shown in Figs. 9 and 10 are the comparison of results for the four number of co-gasification experiments that have been carried out. The comparison was created by neglecting the significant effect of bridging on the experiment. As shown in the comparison, all 4 experiments showed the same distribution of temperatures in which T5, the oxidation zone recorded the highest temperature for all the experiment operation. T5 recorded the highest temperature since it is in the zone where the combustion process actually takes place. Among them, the co-gasification experiment of 20% OPF and 80% wood shows the highest value of T5 ((temperature measurement near the oxidation zone), which is good as high temperature, preferably vary between 800ºC and 1000ºC is found to be favorable for gasification. A temperature higher than 800°C in the oxidation zone was reported to increase the fuel components of syngas (CO, CH4 and H2) [10] . 
IV. CONCLUSIONS
From the study it was found that bridging occurred, causing disruption to the gasification operation. However, as bridging became less problematic, depending on the composition of OPF and wood, it was observed that the resulting temperature profiles were in close agreement with those reported in the literature. The presence of flares during the experiments indicated that syngas containing hydrogen and methane was produced from the co-gasification process. It was also found that the feedstock needed to have an optimum moisture content of 15% or less in order to produced accepted gasification, observed through the temperature profiles. In the future, detailed experiment with high quality of feedstock need to be carried out to investigate more accurate temperature profile and also to determine the composition of syngas produced from the co-gasification of different biomass materials.
